:YAG laser beam (1.06 μm, i.e., near infrared range (NIR)) in ms regime with various energy densities is used. In all experiments, provided in applied working regimes, surface damages have occurred. The results of laser damages are analyzed by light and scanning electron microscopy (SEM). Image J software is used for quantitative analysis of generated damages based on micrographs obtained by light and SEM microscopes. Temperature distribution in the exposed samples is evaluated by numerical simulations based on COMSOL Multiphysics 3.5 software in a limited energy range.
based carbon materials have not theoretically studied as much as to the previously mentioned group, despite of laser application in textile industry [4, 5] . Activated carbon cloth modifications initiated by pulsed transversely excited atmospheric CO 2 (TEA CO 2 ) laser radiation (pulse intensities from 0.5 to 28 MW/cm 2 ) depend on the cloth adsorption characteristics [6] . Simulation of the heating effects for the exposure of carbon textile materials and C/C composite to alexandrite and Nd
3+
:YAG (yttrium aluminum garnet) laser radiation but under different laser working regimes (mean power 0.2--6.5 kW), have also been examined [7] .
Glassy carbon has excellent mechanical, thermal and electric properties [8, 9] . On the other hand, it is difficult to treat and process by conventional techniques [8] . Laser pretreatments have been used on carbon electrodes in electrochemical experiments to produce a surface as free as possible from contamination and to activate the electrode toward electron transfer as well as for the fabrication of the micro fuel cell flow fields, a tripled Nd 3+ :YAG were proposed. The possible use of laser for processing of such materials is one of the motivations for experimental research. Depending on the laser working conditions as well as the complexity of the carbon based material, many different processes can be provoked [10, 11] . Often, a distribution of thermal processing is a reliable starting point for descriptions of laser beam-material interaction. For select materials it can be expected that most of the laser beam energy will be absorbed and converted into heat.
Image analyzing and processing is a methodology developed and implemented in advanced research methods for various theoretical and practical tasks in industry [12] . Data obtained by light and electron microscopes are applied for material characterization and induced material transformations by the laser beams. Historically, their beginnings can be found in geology [13] , where the first methods of image analysis had been stemmed. They were based on the fact that an area that occupied some algorithm in the image was correlated to its contributions in the rock. Various authors worked to the images of twodimensional cross section based on general models applied to mathematical problems [14, 15] . Quantitative analysis and modeling has stemmed from Saltykov [16] . The development of modern informatics tools with new generation of computers opens wide prospects for image analysis. It can be considered that the computer image analyses developed over six decades. In cyber space, the image is represented in its digital form. Modern techniques of scene-object-presentation include beside ordinary digital photo devices, thermal imaging cameras, TV image, holographic image, tomographic presentation, etc. Digital images as vector or raster types are presented by pixels intensities in 2D space. The schematic diagram of an image analysis methodology is presented in Figure 1 [17] . 
EXPERIMENTAL
The samples of the glassy carbon were exposed to Nd 3+ :YAG laser beams ( Table 1 ). The direction of the beam was perpendicular to the sample surface. The laser beam was focused by the appropriate lens. The working conditions are presented as mean power, total exposition, one pulse exposition and mean energy density. Samples were in the shape of thin plates (1 mm thickness), i.e., the surface was much larger than the beam spot. Depending on the methods of material production, data for thermal performances can vary. Images obtained by optical and SEM microscopies were analyzed by the Image pro Plus Premier software package. Dimensions of hole and influence zone of laser beam material interaction were measured by 100 individual measurements.
The properties of glassy carbon are: specific heat (C p ) is 1500 J/(kg K), heat conductivity is 2 W/mK and density (ρ) is 1450 kg/m Damage diameter and the interaction zones were defined by measurements in 100 different directions (angle 3.6°). Statistical analyzes of obtained measurements are presented in Table 2 . Therefore, the mean diameter of affected zone is 247±17.68 µm in reality. Mean crater diameter is 137.77±6.48 µm. All provoked shapes are approx- Figure 4 . The relationship of the calculated and real surfaces is 1.097, therefore the quantitative measure of the deviation (from the circular shape), factor of merit-FOM is 9.7% from the circular shape.
Since manual counting of grain formation of ejected material would be impractical, its number can be defined using the Analyze Particles function in Image J for the presented analyses. The Figure  2 is taken with some higher resolution, and with larger pixel number (image size is 550×468 pixels). The formation of ejected material grains with circular shape (regular or irregular circles) can be seen in the micrographs (Figures 2 and 3) . Accordingly, the criteria for counting can be circularity in the range 0.2-1.0 and maximal area of 100 pixels as no grain is larger than this value. The obtained number of recognized objects with the chosen criteria is 496. The mean area of recognized objects is 7.52 pixels. In the analyzed micrograph ( Figure   2 ), the detail of shot -size is 2.11 µm×2.11 µm, i.e., Scanning electron microscope analyses offer more precise description of material damages. The boundary of specified characteristic areas between the indented places, i.e., crater and solidified melt in the vicinity of crater, is more expressive. The wall of the ejected materials (solidified melt) contains two characteristic parts (Figure 3 ). The part closer to the crater is somewhat higher and wrinkled (ripple-like). The further part is smoother and lower. The details of structure of the ring-like parts can be better seen. (The formatted structures were the consequences of ejected material.) Figure 3 , i.e., the SEM micrograph of the damage sample was obtained at 80× magnification. Therefore, the characteristic value for characterization is 1.58 µm 2 . By using the same methodology, as for the light microscope analyses, for SEM image mean diameter 584.66 µm is obtained.
By using selection tools, the highlighted area of the micrograph, which presents the crater with the solidified melted materials, we obtained 263660. 8 . The relationship between calculated and real surfaces is 1.034, which means that the quantitative measure of shape deviation from the circular one is 3.4%.
The relationship of whole damage surface and crater surface (at cross section) is 3.97. Therefore, 25.17% of the total damage was affected material surface.
Modeling of interaction of glassy carbon with Nd

3+
:YAG laser One of the principal evaluations for provoked processes is the presentation of the temperature distribution. It is provoked by laser energy absorption and other transformation processes in the material. The treated sample was in solid state and the application mode for conductive processes is the most applicable. The heat equation is used in the form of:
In Eq. (1), δ ts is the coefficient of time scaling, ρ density of the material, C p specific heat by constant pressure, k component of the tensor of heat conductivity in the most generalized case, Q is heat source or sink [18] . Note that the modeling was by using program package COMSOL Multyphysics 3.5. (The heat conductivity of carbon based materials thanks to various material types can be subject of discussion [19] .)
In some cases where it is of interest, transversal convection or radiation can be implemented. In planar 2D cases, two new terms are included in equation (2) 
The new terms include thermal energy which material reemits to the environment.
For laser-material interaction modeling purposes (here glassy carbon sample and laser pulsed beam), Eq. (2) is applied. This approach considers that the total energy of the laser pulse is absorbed in the exposed material without reflection and transmission, i.e., that it is converted in the material heating. The assumption is that the sample has the characteristics of black body and (emissivity of ε = 1) and that environmental temperature is 300 K. For the laser beam parameters, the data of Table 3 are applied. The Eqs. (1) and (2) hold for the case without phase transformations. For glassy carbon that is valid in the temperature range up to 3652 °C (3925 K), when the melting processes start. Based on described assumption, the temperature distributions in the sample after the laser pulse of various energies can be presented as in Figure 5 . It means that the simulations are performed in the moment t = 0.7 ms from the start of exposition. of simulations presented in Figure 6c , the maximal temperature is on the sample surface in the laser spot area and it is 9956.9 K. That value is the result of the simulation based on Eq. (2), which is without existing phase transformation of material, as mentioned. But, the obtained temperature is significantly above of the melting point of the chosen material, i.e., above 3925 K, as well as above the boiling point (4473 K). Therefore, the chosen model is not applicable to the simulated data, and without the performed experiments, we could not suppose that the crater and other formations will be present. The simulation shows clearly that at chosen densities and time of exposition, phase transitions have to be taken into account. This shows ambiguously the experimental data and microscopic sample analysis after laser beam action in working conditions from Figure 6c ) cannot be considered as correct because the used model is only valid for cases without melting, boiling and ablation processes.
In the performed experiments with glassy carbon and chosen working conditions of Nd
:YAG lasers, pronounced effects of interactions were found. The damages of material sample are surficial. Crater formations as well as ejection and melting processes of materials were found, ejected in the crater space and ring-like areas. The SEM analyses are more precise than the light microscope. The light microscope images were taken with higher contrast between the characteristics areas of the damaged surface, which was applicable for the image analysis. This conclusion is possible for further discussion and depends on the experimental parameters of recording. It seems that those micrographs were better for histogram presentation, mean grey level and standard deviation of grey scale level.
The computer simulations based on thermal model and assumed approximations have to be taken into account for further analyses and implementations of new (standard) terms, but for the first understanding of possible provoked temperatures, they can be helpful.
If without experiments we include some parameters for simulations, the obtained temperatures range gives the first answers, if the material is close to melting or not. After that, the model has to be changed and the new terms have to be implemented with phase transformations of some order. More exact modeling has to pay attention to the melt flow, change of surface form due to melting and ablation processes, Stephens models, etc., and to take into account mechanical processes, too. On the other hand, depending on the pulse length, heat model have to be changed or used with different materials constants. For very fast phenomena only the parts of electronic contributions have to be included in conductivity processes, or other modeling have to be applied (hydrodynamic equations, phenomenological models, etc.).
CONCLUSION
Experiments in the area of laser-material interaction give the most exact answers for the phenomena. In this case, the effects of melting, ablations, specific material formations, craters, segregations, ring-like formations were provoked for the case of glassy carbon and Nd
3+
:YAG laser in applied working regimes.
The image analysis can be a task for further interpretations of the correlations between the applied laser beam distributions (cross section of the beam) and influence of the material porosity and anisotropy.
In the experiments, material ejection is found. Usually, the experiments are divided into considerations of the material state before and after laser interactions or descriptions of the material environment where we could see the processes of ejections and the nature of the ejected particles, ions, etc.
Based on the obtained image histograms, color analysis and recognition of certain types of elementary geometric forms (their numbers and areas) it is possible to get quantified parameters of interaction. These analyses should be linked with experimental processes (surface oxidation, crater formation, ablations, etc.) and to quantify the intensity of interaction. Absorption and heat conduction in the material were calculated in two dimensions based on finite element methods. The results can be considered as initial answers.
